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In this letter we report for the first time to our knowledge the optical bistability (OB) of a single aerosol particle. The OB of a microparticle is expected to be of great importance in the description of processes, such as lasing, 1 that accompany the interaction of laser radiation with an aerosol. This work is the result of a chance observation made during an investigation of IR structure resonance modulation spectroscopy (SRMS) . 2 It comes on the heels of a recent manuscript by K. M. Leung 3 in which the author predicts the occurrence of bistability in a semiconducting Rayleigh particle. The interaction responsible for the behavior in Ref. 2 is surface plasmon coupling. Our experiments are performed in the visible on single aqueous droplets, where no such mechanism is available. Instead, as we show, the interaction responsible for the current OB is associated with the photothermal evaporation that accompanies the excitation of a structure resonance.
In what follows we describe the results of experiments on the elastic scattering from a micrometersized aqueous aerosol particle having a small visible absorption and provide a simple model for understanding the observed results.
In our SRMS experiments 2 we levitate a single particle in an electrodynamic trap. The particle, which is an aqueous salt-solution droplet, is stabilized in size by ensuring that the concentration of water vapor in the trap is equivalent to that at the particle surface. Light-scattering measurements are made at right angles by using an f16 aperture, as described in Ref. 2. The interest is in observing the wavelength dependence of the scattered-light intensity. The results of such measurements on other materials have been described by Ashkin and Dziedzic. 4 The spectrum shown in Fig. 1A of a particle 11 jam in radius and containing 30% (NH 4 ) 2 SO 4 by weight is typical. This spectrum, which was obtained by using an incident intensity of 50 W/cm 2 , is the same regardless in which direction the wavelength is scanned. The new phenomenon occurs when a small concentration of dye (10-5 M Crystal Violet) is added to such a particle. At an intensity of 50 W/cm 2 a particle 9 jim in radius gives the spectra shown in Fig. 1B . As one can see, the spectrum taken toward increasing wavelength (forward, solid) and the spectrum taken toward decreasing wavelength (reverse, dashed) are now decidedly different. It should be noted that as the wavelength is reduced below the resonance (C), instead of the scattered light's decreasing abruptly (as it does in the trace toward larger wavelength) it increases to point D and maintains a fairly constant level in going to point E. However, the so-called "constant level" is decidedly noisier than other parts of the spectrum. A reasonable hypothesis after eliminating possible experimental artifacts is that the particle knows the direction in which the wavelength is being scanned; the light-particle interaction has memory. This hypothesis was tested in a separate experiment at the same intensity but on a particle having a 1 9 -,gm radius. The wave length was first increased (lower trace, Fig. 2 ), after which the recorder pen's position was moved upward. As the wavelength was reduced below B in Fig. 2 the trace once again showed markedly increased noise. This trace was stopped at C, whereupon the beam was interrupted. By this action the scattering signal fell to the baseline, point D. When the beam was unblocked the scattering made a vertical transition to point E. At this point the wavelength of the dye laser was increased, and the scattering appeared to follow the usual forward scan curve (although slightly shifted 5 ), including a resonant feature at the point marked Pn The entire cycle was repeated several times, during which we observed that point B corresponded to the position of the resonant feature. We thus conclude that the light-particle interaction has memory and that the memory is associated with the narrow resonances seen in light scattering. This conclusion is strengthened by observing the forward and reverse scans taken at 70/cm 2 over a small portion of the spectrum of a particle 6.7 Jtm in radius, as shown in Fig. 3 .
It should be noted that the dye laser had to be interrupted for a time in excess of 250 msec for the data shown in Fig. 2 in order to produce the transition from D to E. Although this time is orders of magnitude longer than the time it takes for either the tem- vn + irn), where v is the optical frequency. The scattered intensity from such a mode will therefore be proportional to
Under conditions of photothermal evaporation the change is resonant frequency will be proportional the particle-size change, which in turn is proportional to the optical absorption 8 ; P. = vn0 + IQaI, where Qa is the absorption efficiency and fi is a constant. As the scattering goes through a resonance at v = v,, the internal field also is in resonance. In fact, a given Mie coefficient describing the internal field for a particular mode has an identical resonant denominator to that found in the associated coefficient for the scattered field. The absorption near resonance will therefore contain a part that has a proportional wavelength dependence to the single-mode scattering in addition to a baseline absorption, which will be assumed to be perature or the vapor fields to come to steady state, it is typical of the time needed for phase boundary relaxation owing to evaporation. 6 For a typical OB one expects the effect to disappear at low intensity. The evaporative optical bistability (EVOB) is no exception. At an intensity of 0.5 W/cm 2 the forward and backward scans appear identical. In what follows we show how EVOB may be understood by using Mie theory in a simplified way.
The total scattered intensity from a particle is given by where I and X are the incident intensity and wavelength and an and bn are the Mie coefficients. These coefficients are porportional to the amplitude for scattering from TE and TM modes, respectively. 
where 'Yb represents the strength of the baseline influ- 
In Eq. (5) z is proportional to the particle scattering (the single-mode absorption is represented by a similar equation), y is proportional to the incident intensity, and 5 is proportional to the detuning from resonance position associated with background absorption. This is a cubic equation in z that displays instabilities.
If one plots z versus 5 for values of y considerably less than 1, then z will display a Lorentzian shape. At higher intensities the Lorentzian shape becomes perturbed and develops points of infinite slope. At these points the scattered light will switch. A careful analysis of Eq. (5) shows that hysteresis will occur in the wavelength dependence when y exceeds 1.54.3 In what follows we show that for the intensity and composition used in Fig. 3 the value y for the resonance shown easily exceeds the critical value of 1.54.
We will suppose that the Crystal Violet concentration is dilute enough that from a scattering standpoint the particle appears to be nonabsorbing. Under these circumstances lanI2 at resonance is approximately 1, and consequently, from Eq. (2), IAI2 = r,, 2 andy = Ty/ r,,. The origin of the optical size change with absorptin was recently analyzed in great detail. 6 An aqueous particle heated by light evaporates until the vapor pressure returns to its original value owing to an increase in ionic solute concentration. On the basis of Ref. 6 and expression (3) , y may be written as
where F 5 /ao is a factor in Eq. (2) of Ref. 6 that contains both thermodynamic and compositional properties of the particle and transport properties of the gas, ao is the a nominal radius of the particle, and Q. -Qab is the absorption efficiency at the peak of the resonance minus the background absorption efficiency. With Eq. (6) y becomes y = I(v,,o//r.)(Fs/a0)a0(Qam -Qab)-
By combining low-intensity scattering data associated with the particle in Fig. 3 with Mie theory we have been able to determine that the resonance displayed is fourth order and has a typical ratio v,,o/r,, for its size and refractive index of -2 X 103. With an imaginary part to its refractive index of 10-5, as computed from the extinction of Crystal Violet at its concentration, Qam -Qab is estimated from Mie theory to be -3.2 X 10-4. The value for F, is calculated on the basis of the particle size and composition from Ref. 6 to be 6.8 X 10-9 cm 2 sec/erg. Thus, for an intensity I of 70 W/ cm 2 , we find y to be 3.3; our model indicates that the particle is being driven at more than two times the threshold for EVOB. Further analysis, such as a simulation of Fig. 3 , requires the inclusion of angular light-scattering functions as well as all other modes.
Such an analysis will be presented in the near future. We see from our experiments that a simple aerosol particle can act as an optical memory element. Although EVOB is a relatively slow effect for practical memory elements, it certainly will be of interest in the interaction of atmospheric aerosols with lasers. A more rapid photothermal optical memory should be achieved in solid microparticles in which the response will be limited by thermal transport in the particle and in the surrounding medium. For a 5-,m insulating particle in air one can expect a thermal relaxation time of the order of 100 nsec. However, since such a system would rely on photothermally induced refractive-index changes, our calculations show that, for a given resonance, the amount of absorbed power needed for such an OB to be observed would have to exceed the levels used in EVOB by a factor of 104 to 105.
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